This article develops a relationship between the reduction of density in lightened gypsum and the addition of expanded and/or extruded polystyrene waste from the construction sector and their mechanical behavior. The equations determined in this study allow us to know the flexural and compressive strengths of a lightened gypsum/plaster compound once its density is known. The results show that there is an exponential relationship between the density of the compound and its strength. The methodology followed included a compilation of the results obtained in previous research works on lightweight gypsums, analyzing the relationship between density and mechanical strength and comparing them with the equations developed in this research. The results obtained by previous researchers have a good adjustment with the proposed models, and only perlite compounds present greater deviations in the compressive strength analysis. Also, a dimensionless lightening coefficient is defined which can help to determine the best application for a lightweight gypsum compound, comparing it with an ideal lightweight gypsum.
Introduction
The lightweight materials are those that originally have normal densities and by some procedure its density can be reduced. This procedure consists of taking part of its volume with a much lower density material (air or even solid cells such as lightweight aggregates), making it a cellular material. Although there are various methods to lighten building materials, in the case of conglomerate materials, the incorporation of lightweight aggregates as filler in the fresh compound is usually the most common and simplest technique to lighten building materials [1] .
An aggregate is considered light when the actual grain density is less than 1200 kg/m 3 [2] . The addition of lightweight aggregates in the conglomerate has as advantages, besides reducing the density, increasing material performance, improving the granulometry making more workable the mass, and improving their thermal and acoustic characteristics.
The first light aggregates that were incorporated into the materials were the volcanic aridity; an example of this is the construction of the dome of the Pantheon in Rome in the second century BC, with a mortar lightened with pumice. But it was not until 1917 when its use in the construction of buildings was generalized, as load in mortars and concrete, when lightweight aggregates were manufactured by an industrial process of expanding clay [3] .
In the case of gypsum, various methods have been studied to lighten it [4] . Standard UNE-EN-13279-1 defines the compounds formed by a mixture of calcium sulphate in its different stages of dehydration (anhydrite, hemihydrate, or dihydrate) and purity (traditionally known as crude gypsum, fine gypsum, or plaster) as lightened gypsums, with a certain content of lime (calcium hydroxide), which incorporates lightweight inorganic or organic lightweight aggregates [5] . Therefore, only the gypsums incorporating such loads would be included in the group of lightweight gypsums.
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These gypsums usually have better thermal properties, enabling energy savings in buildings and a decrease in emissions of greenhouse gases such as CO 2 . In addition, reducing the density of the material enables the manufacture of lighter construction elements, facilitating its placing and transport.
Review on Lightened
Gypsums. After World War II, the changes produced in the characteristics of gypsum begin to be scientifically studied, by using additives and admixtures [6] . In the case of lightened gypsums expanded perlite and exfoliated vermiculite additions are studied [7, 8] .
(i) Perlite is a mineral insulation, produced from volcanic rocks, with a density close to 1100 kg/m 3 . For its use in construction it is necessary to subject it to a physical expansion process in which the volume increases 20 times, creating microcells in its interior and reducing its density to values between 30 and 150 kg/m 3 .
(ii) Vermiculite belongs to the family of mica and is basically made of aluminum, iron, and magnesium silicates. Like perlite, after a physical process it is exfoliated and its volume increases 16 times, reducing its density values between 60 and 160 kg/m 3 .
Although these lightweight aggregates are a good alternative to lighten gypsum compounds-they have densities 15 times lower than the sand and 8 times less than the expanded clay or volcanic rocks-their use generates a great environmental impact, consuming large amount of energy during their manufacture, as high temperatures are needed (800-1100 ∘ C) [9] . Therefore, researchers have been looking for ways to replace them with other light loads in order to obtain lightened gypsums that meet the requirements of current regulations.
After a bibliographic and document search on the subject, several studies have been found incorporating expanded clay additions in gypsum compounds-getting to reduce the gypsum density by 20%, in the best cases [10] -expanded polystyrene granules [11] or cork [12] , reducing the density by 50%. Also, other researchers are working with other light loads from building construction and demolition waste (CDW) as cellular glass [13] or expanded and extruded polystyrene [14, 15] .
However, in all the works above, the obtained lightened gypsums reached significant reductions in mechanical strength, confirming that the strength of the gypsum depends mainly on its porosity and therefore its density. In this sense, several studies have been conducted trying to improve physical and mechanical behavior of lightened gypsums by incorporating fibers [16, 17] . Among these studies the study by Gencel et al. (2014) can be highlighted, as it incorporates polypropylene fibers to lightened gypsums with vermiculite [18] .
Despite the numerous works found on lightened gypsums, all of them are based on the chemical and mechanical characterization of the compounds obtained. However, no works have been found analyzing the relationship between density and strength of the lightened gypsums.
Therefore, in this article the relationship between the density reduction of lightened gypsums and lightweight loads from CDW and their mechanical behavior is analyzed.
In addition, it is analyzed whether this relationship is similar to the one obtained for other lightened gypsums with other fillers which are often used in the manufacture of gypsum elements. Also lightening coefficients are defined, which allow determining the best application of a lightened gypsum, relating the strength and density of the compound to an ideal lightened gypsum.
Method
A compilation of results obtained in previous investigations (density and mechanical strength) was performed considering lightened gypsums with different light loads (with w/g ratio = 0.8). These works were completed with the results of a pilot scheme with lightened gypsums with mixtures of waste of expanded (EPS) and extruded (XPS) polystyrene in different percentages of addition on the weight of the gypsum [19, 20] (Table 1) .
Each compound is defined by an abbreviated formula of all components in which first the type of binder is defined: coarse gypsum B1 (YG) or plaster A (E), followed by the water-binder ratio of the compound. The next element refers to the percentage of waste with respect to the weight of the gypsum/plaster, followed by the type of light load used in the mixture. In those compounds where more than one type of waste is included, the information is inserted after, following the previous nomenclature.
Subsequently, the relationship between the density and the mechanical strength of all lightened gypsums with mixtures of EPS/XPS was analyzed using Excel program. A trend equation for both compressive and flexural strength of these lightened gypsums-once their density is known-was obtained together with the coefficient of determination (
2 ) to know their adjustment. Finally, both mathematical models were validated with the results published in previous research works on lightened gypsums using other procedures.
Finally, with the results of the compounds meeting the minimum specifications required for lightened gypsums (B4) [22] (flexural strength: ≥1 MPa; compressive strength: ≥2 MPa; density ≤ 1 g/cm 3 ), lightening coefficients for the mechanical properties of the gypsums were calculated, using (1) defined by del Rio Merino [23] .
where is the analyzed compound, is density of compound , flex is the lightening coefficient according to the flexural strength of compound , and comp is the lightening coefficient according to the compressive strength of compound . 
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These coefficients provide a reference value to determine whether a material of lightened plaster, from the point of view of strength, has a weight/strength ratio suitable for the future application it will have.
Moreover, an ideal lightening coefficient is proposed. This coefficient is determined using the values of the gypsum reference (without additions). In any case, these coefficients can be generalized and used to analyze other properties of the gypsum wishing to be studied for specific applications of the material, such as surface hardness, thermal conductivity, and water absorption:
where ref is density of the reference compound, property analyzed is the ideal coefficient according to the property analyzed, and Regulation refers to minimum values prescribed in the regulations.
In the case discussed in this article (density and strength) the ideal gypsum would be that one which has half of the density of the gypsum of reference and at least the minimum mechanical properties set by the regulations:
where flex and comp are ideal lightening coefficients as flexural and compression strength, respectively, ref is density of the reference compound, and Regulation refers to values of standard UNE-EN 13279-1 for lightened gypsums (flexural strength = 1 MPa; compressive strength = 2 MPa).
Finally, the lightening coefficients obtained were compared with the coefficient of the ideal lightened gypsum ( ).
Results and Discussion

Model to Estimate the Mechanical Strength of a Lightened
Compound of Gypsum Known Its Density. With all compounds made with EPS and XPS the relationship between the density of the compounds and their mechanical resistance is analyzed (Figures 1 and 2) . In all cases, it is observed that the results achieved with plaster type A present strengths slightly above the compounds of coarse gypsum B1. Moreover, in both cases, the compounds that best fit the model are made with EPS or mixtures of EPS/XPS. For compressive strength, the compounds of plaster with XPS have higher dispersions than the results of the compounds only with EPS.
Finally, it is observed that there is a potential relationship between the density of the compound and its mechanical resistance to both compression and flexion, with an adjustment around 2 = 0.78. Therefore, the compressive and flexural strength compound lightened with EPS and XPS can be estimated once its density is known, with the following expressions:
Compressive strength = 6,0233 × 2,6725 ,
where one has the following:
(i) Compressive and flexural strength in MPa.
(ii) Density in g/cm 3 .
Next, Figures 3 and 4 compare the model with the results obtained in previous research works using other procedures to lighten gypsum compounds (Table 1) This deviation may be due to the nature and characteristics of the type of lightweight load added (density, strength, and adhesion to the gypsum/plaster). In particular, the perlite has greater mechanical resistance, due to its mineral origin. This also happens with the vermiculite. These factors definitely influence the compressive strength of the compound. Table 2 shows the lightening coefficients obtained with the weights and mechanical strength of the compounds. These coefficients allow for the comparison of different types of lightened gypsums and consider their possible application as a material for construction elements. In this case, as the selected gypsums can be used to manufacture construction elements for inner partitions, a compound with good overall mechanical behavior will be selected, that is, with similar coefficient to the reference gypsums or lower.
Lightening Coefficients.
Lower values are not achieved, but it is observed that some of the lightened gypsums obtain good coefficients only for flexural or compression strength (e.g., plasters lightened with perlite), and instead the gypsums lightened with polystyrene waste (E0.8 + 0.5% EPS + 1.5% XPS and E0.8 + 2.0% EPS + 1.0% XPS) obtained good coefficients in both flexural and compression.
In Figures 5 and 6 the lightening coefficients for each specimen are shown-calculated with (1)-as for the percentage of waste added. Moreover, the value of the ideal lightening coefficient has been marked with a dashed line ( flex ; comp ), calculated with (3). The relationship between the two coefficients is shown in Figure 7 , considering the waste added: only EPS, XPS alone, or mixture thereof.
It is observed that, generally, all compounds have good performance as they present lower lightening coefficients than the one of the ideal compound ( ). In particular, the compounds of plaster type A with EPS and XPS are those which offer results very similar to the ones obtained with the gypsum reference samples (without any added waste).
This coefficient can be generalized in the case of having to analyze other characteristics of the gypsum. For example,
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Conclusions
Two mathematical equations have been determined that allow knowing the flexural and compressive strength of a gypsum/plaster compound lightened with EPS and XPS once its density is known (see (4) ). This model can be used for any lightened gypsum, as it has been validated with the results of previous research on lightened gypsums with other procedures. In short, the proposed model allows preliminary studies regarding the mechanical strength of lightened gypsum compounds, knowing only their density.
An ideal lightening coefficient is defined that allows selecting lightened gypsum with good performance for a particular application.
In that sense and considering the case study, plaster type A lightened with EPS and XPS waste, compounds with further addition of XPS waste, are those that approach the most to the lightening coefficient of an ideal lightened gypsum with a good mechanical behavior.
